an experimental investigation on the buckling strength of stub channel columns under repetitive compression to determine reasonable cross sections of steel sheet piles against the repeated driving force by diesel hammer. The tests were performed under the pseudo-static condition using microcomputer-based servo-controlled testing system to find the deteriorating properties of steel sheet pile models undergoing the large elasto-plastic deformations under repetitive compression.
INTRODUCTION
Nowadays, steel sheet piles are being used increasingly at various construction sites such as for buildings, bridges, highways and wharfs. The recent trend of the sheet piles, especially in the European countries and USA, is the increased use of products of wider web. Thus, the chances are the efficiency of pile driving being hindered by the local buckling near the cap: Once the piles buckle they can not be driven any more into the soil foundation.
Steel sheet piles are used as structural members essentially to resist the bending moments caused by the earth and water hydraulic pressures; but not too much design considerations have been given against bucklings although they may be subjected to large repeated hammer drive forces and seriously damaged.
The current interest of study herein is to determine reasonable and optimal cross sections of the sheet piles invulnerable and strong enough against the repeated severe drivings by diesel hammer. Although rigorously speaking, the effects of the impact and the inertia forces have to be taken into account, and there seem to be several differences in stress-strain relationships between the dynamic and static responses of steel structures24, this study is only concerned with the cyclic assault of axial compression to give the first approximation to the problem. The experiments reported herein have been conducted using an automated structural testing system and the specimens are designed as stub channel columns under repetitive compressive force5 6, however, being applied in the static condition.
DESCRIPTIONS OF TESTS
(1) Design of test specimens The test stub columns of channel cross section are so designed as to be classified into six types by two different flange heights and three different flange thicknesses. For each type of the specimens, identical specimens are fabricated using ordinary carbon steel of SS 41 with one being for the test of residual stress and the rest being for the loading tests.
The following points are considered in the design;
(1) to maintain the cross-sectional profile of the prototype sheet piles such as the aspect and width-thickness ratios as much as possible, (2) to make the local buckling occur in the elasto-plastic domain, (3) to keep the magnitude of the initial out-of-plane deflection as low as the prototype; hence, too thin plates should not be used, (4) to neglect the effect of the outstanding edge stiffeners; thus, the specimens are designed to be of open channel cross section, and (5) to restrict the size of the specimens so that the testing can be performed within the static capacity of the testing machine, namely, 40tf (392. 24kN) in both vertical and horizontal directions. The local buckling strength of the flange plate of channel cross-sectional columns was calculated first to determine the cross section of the test specimens. According to Bleich, it can be given by the following: 7)
(1) Table 1 tabulates the dimensions of the test specimens, CH 235 to CH 475, and those of several prototype sheet piles, KSP-5 L, KSP-6 L and KSP-7 L. As for the naming of the test specimen, CH 235, for example, implies that it is of channel cross section and t1=2. 3 mm and h=50 mm. The length of the stub column specimens was taken to be 600 mm. Moreover, assuming the flange plates to be one unloaded edge free and the other three edges simply supported, and thus taking the elastic buckling coefficient K= 0. 43, the non-dimensionalized parameters b/h, tw/tf and the generalized width-thickness ratio, R, can be evaluated as shown in Table 2 . It may be seen that the R-values of the prototype sheet piles, being nearly unity, are well within the range of those of the test specimens from 0. 65 to 1. 78 so that the optimal value of R could be found within this range of R-values. The end plates are welded to the ends of each stub column specimen, precisely ground and carefully polished. The lower end of the specimen is designed to be simply supported on a spherical bearing using the special clamp as illustrated in Fig. 1 (a) . To remove the eccentricity, the bearing is made adjustable by three screws as illustrated in Fig. 1 (b) . Furthermore, the upper end of the specimen is so designed that it receives the compressive force from the actuator; it is free from the twisting moment, but can be considered to be clamped against bending.
(2) Standard material tests and residual stress tests From the standard JIS coupon tests, it is found that the material behaves perfectly elasto-plastically with the yielding stress of 2862 kgf/cm2, 2725 kgf/cm2, 2918 kgf/cm2 and 2734 kgf/cm2 for the thickness 12s of 2. 3 mm, 3. 2 mm, 4. 5 mm and 6. 0 mm, respectively.
The residual stress tests were conducted to find the distribution of the residual stress using electric strain gauges by stress relieving method through cutting out strips from the central part of each specimen. Fig, 2 shows an example of the distribution of the longitudinal residual stresses in the cross section of CH 325, comparing with the residual stresses predicted by the formula with Qr=O. 41 7y.
(3)
Procedure of loading tests The servo-controlled testing system automated by microcomputers is utilized herein. The testing system consists of three groups of servo testing machine group, data acquisition group and micro computer group, and the details of the software and hardware of the system have been reported by Watanabe et al. 5).6)
RESULTS OF LOADING TESTS
(1) Failure types and out-of-plane deflections Table 3 summarizes the main test results such as the number of cycles, the maximum load, the specified boundary condition at the upper end, the type of collapse and the location L and the width h of the failure mechanism in Fig. 3 . The width h is almost twice as the height h of the flange plate. The failure types of the specimens are shown to be mainly caused by the local and/or torsional bucklings of the flanges. Fig. 4 shows an example of the out-of-plane deflections presented both in contour lines and in two-dimensional drawings, where the rigid-body motion has been eliminated. As a result of the formation of the failure mechanism associated with the local buckling and the subsequent loss of the global flexural rigidity about the weak axis, the web plate is seen to have undergone the global out-of-plane bending deflections.
(2) Load-displacement relationships and stress distributions Fig. 5 shows an example of the relationship between the non-dimensionalized total load in terms of the yielding load and the axial strain of CH 235 B.
Figs. 6 show the distribution of axial stresses computed from the readings of strain gauges while assuming the residual stress distribution as shown in Fig. 2 and assuming the perfect elasto-plasticity of the steel for each step of loading. To make this possible, the web and each of the flanges are theoretically divided into 100 and 50 strips, respectively, for the interpolation to find the strain distributions. From the computed results, it is shown that the axial stress in the first cycle loading increases uniformly under compression. Then, the axial stress also decreases uniformly in the first cycle unloading. The residual deformations gradually tend to grow due to the plastic deformations accelerated under repetitive compression. As the number of cycles increases, the residual stress distribution seems to be leveled off in the cross section of the specimen, and the axial stress distributions near the free edge of each flange plate are shown to be virtually locked in due to the formation of the failure mechanisms in the flange plate.
Figs. 7 to 1 2 show the relationship between the non-dimensionalized applied load by the yielding load and 
the non-dimensionalized axial displacement by the thickness of the flange for each type of the test specimens, where distinctions are made with respect to either the total load, the load carried by the web and that by the flanges by the solid lines, broken lines and the dotted lines, respectively. Shown together are the loading history being the relationship between the load and the substeps. The reduction of the overall strength of the specimen is seen to be mainly caused by that of the flange plate due to its local buckling. Table 4 shows the deterioration characteristics due to the repetitive compression for each value of the generalized slenderness ratio, R, of the flange plate. In this table, Q refers to the average rate of the reduction of the peak load in each cycle to the maximum load, and may be conveniently called the "deteriorating rate". It is found that the larger the slenderness of the specimen, the smaller the deteriorating rate becomes, although the maximum load, namely, the magnitude of the first peak load decreases as the slenderness increases.
Comparison with theoretical predictions In this study the buckling loads were evaluated by Bleich's formula, Eq. (1). In his formula, the effect of the residual stresses is taken into account in the form similar to the Johnson's Parabola on the basis of the proportional limit:7) (2) where o, QP and Uy refer to the Euler stress, the proportional limit and the yielding stress, respectively.
Based on the buckling load thus obtained, the reduction of the strength due to the existence of the initial imperfections can be evaluated in the form of the imperfection sensitivity curves through the new unified approach8-10) Table 5 gives the comparison of the experimental ultimate loads with the Bleich's buckling loads7 Also, pronounced as the number of cycles increases. Also, it may be seen that the experimental values can be reasonably predicted by the theoretical imperfection sensitivity curves, although rigorously speaking, the theory does not take into account the fact that the residual stress distribution changes and is leveled off.
CONCLUSIONS
The following conclusions may be drawn from the study
The peak ultimate loads were precisely detected by the automated structural testing system. All of the specimens were unloaded in conformity with the criterion of the slope of the load-axial displacement curve. At the ultimate loads, the magnitude of the slope was very small or slightly less than zero indicating that the testing system worked accurately. Furthermore, these peak loads were found to be very close to those predicted by the Bleich's theory. (2) As soon as the local plastic deformations were initiated, the torsional deformations became visible. This deformations became more pronounced as the load increased.
The reduction of the total stub column strength due to repeated loading is mainly caused by that of the flange plates.
The sheet piles with flange plates of smaller height have higher local buckling load, in general. However, the reduction of their strength becomes more pronounced, and its value depends largely on the aspect ratio of the flange plate. (5) Due to repeated loading, the residual deformations tend to grow. This increment may be considered to be accelerated by the formation of the plastic failure mechanism which takes place at the first failure. On the other hand, the residual stresses tend to be leveled off as the number of cycles increases. (6) The reduction of the strength during the loading history is found to be proportional to the square root of the corresponding initial out-of-plane deflections of flange plates. Thus, the concept of the "FOLD" -type imperfection sensitivity through the nonlinear bifurcation theory seems to be acceptable.
(7)
The imperfection sensitivity stays small in the small range of the generalized width-thickness ratio, R, of the flange of the sheet pile; however, it becomes vulnerable to the torsional deformation because of high axial stress. The effect of the residual stress is not generally significant near R=O. 7 however, the strength is reduced remarkably by a slight increment of the imperfection. From the design point of view, the buckling strength should be high enough; besides, the imperfection sensitivity should be kept as small as possible. In this respect, the value of parameter R may be conveniently taken to be not too far from unity as in the case of the current design of wider web cross section of sheet piles.
